ABSTRACT. Laser-induced fluorescence emission (LIFE) images were obtained in situ from a 27 cm long ice core at Lake Fryxell, Antarctica. The excitation was accomplished with a simple 532 nm green laser pen light, and the fluorescence images were captured with a small compact digital camera. The targets for the experiment were mm-scale cryoconite assemblages found in the ice covers of this perennially frozen Antarctic lake. The fluorescence response originates from photo-pigments in cyanobacteriadominated cryoconite assemblages with phycoerythrin (PE) exhibiting the optimal target cross section. This inexpensive, low-mass, low-energy method avoids manipulation of the in situ habitat and individual target organisms and does not disturb the microbial community or the surrounding ice matrix. We establish the correlation between fluorescence intensity and PE concentration. We show that cryoconite fluorescence response does not appear to decrease with depth in the ice cover, in agreement with similar findings at Lake Untersee, a perennially ice-covered lake in Dronning Maud Land, Antarctica. Optical reflection and refraction events at the air/ice interface can complicate quantitative estimates of total pigment concentrations. Laser targeting of a single mm-scale cryoconite can result in multiple neighboring excitation events secondary to reflection and refraction phenomena in the multiple air/ice interface of the bubbles surrounding the primary target.
INTRODUCTION
The lake-ice covers and glaciers of Earth's cryosphere are home to complex microbial communities (Priscu and others, 1998; Psenner and Sattler, 1998; Psenner and others, 1999; Priscu and Christner, 2004; Sattler and others, 2004) . Aeolian transport deposits dust particles onto these frozen surfaces containing humic material and microbial life, including photosynthetic cyanobacteria Sattler and others, 2001; Porazinska and others, 2004; Foreman and others, 2007) . Dust grains rich in organic molecules exhibit high coefficients of friction, increasing the likelihood that the assemblage will adhere to the ice surface (Takeuchi and others, 2001; Takeuchi and Li, 2008) . These darker grains mixed with inorganic material efficiently absorb solar energy, producing a local temperature elevation. The ice beneath the assemblage melts by solar heating and the debris sinks into the ice. The assemblage is soon covered by a new icy surface as the surficial portion of the melt freezes (Tranter and others, 2004) . However, where the ice is in contact with the warmer humic material, an unfrozen layer of water around the particle provides a liquid nutrient-rich layer sufficient to support a microbial community (Priscu and others, 1998; Price, 2007) . These accumulations, first called cryoconites (from the Greek kryos, 'icy cold', and konia, 'dust') by the Swedish explorer A.E. Nordenskjö ld in 1870 (Miteva, 2008) , range in scale from detritus surrounding massive boulders to small grains a few mm in diameter. Cryoconite microbial assemblages exhibit significant variety, but appear to be dominated by important photosynthetic primary producers (Tranter and Anesio and others, 2009, 2010) .
The sensitivity of many psychrophiles to even moderate changes in temperature, and the logistical difficulties associated with either in situ analysis or sampling make it difficult to study these cryospheric ecosystems. In general, the ice habitat has to be disrupted using techniques that include coring, sawing and melting. Samples are often chosen blindly, with little indication of probable biomass. The need for an in situ non-invasive, non-destructive technique to detect, localize and sample cryosphere biomass in the field is therefore of considerable importance.
Laser-induced fluorescence emission (LIFE) occurs when matter absorbs a fraction of an incident laser beam and emits a longer-wavelength (lower-energy) photon. LIFE is arguably the single most sensitive active photonic probe of biomolecules, in either intra-or extracellular targets, that does not require sample preparation, sample destruction, or consumable resources other than power (Asher, 1993) . LIFE biosignatures may be obtained as either spectra or images. Epifluorescence microscopy with broadband excitation at 254 and 375 nm, and laser excitation of 532 and 660 nm, is standard equipment for laboratory microbiology. Laser excitation between 220 and 250 nm produces LIFE signatures for nucleic acids and aromatic amino acids that can be detected by an ultraviolet (UV)-sensitive camera (Nealson and others, 2002) or spectrometer (Bhatia and others, 2008) . The technique has been proposed as a method to search for life on Mars (Storrie-Lombardi and others, 2001, 2009 ) and has been used to detect microbial life in basalt beneath Mauna Kea, Hawaii (Fisk and others, 2003) , deep within glacial ice (Price, 2007) , and in Greenland ice cores (Rohde and others, 2008) . LIFE techniques using long-wavelength (365 nm) UV light-emitting diodes (LEDs) or lasers have been shown to be applicable to the European Space Agency's ExoMars mission to search for polycyclic aromatic hydrocarbons in the Mars regolith (Griffiths and others, 2008; Storrie-Lombardi and others, 2008a,b) .
Excitation between 450 and 650 nm produces LIFE signatures between 500 and 800 nm in microbial photopigments, including carotenoids, phycobiliproteins and chlorophylls (Blinks, 1954) . Phycobiliproteins are found in red algae, cyanobacteria and cryptomonads including species inhabiting ice-covered Antarctic lakes. Red algae and cyanobacteria contain all three types of phycobiliproteins: phycoerythrin (PE), phycocyanin and allophycocyanin (Ong and Glazer, 1991; Samsonoff and MacColl, 2001) . Red algae and cyanobacteria also contain chlorophyll a, and cryptomonads contain both chlorophyll a and c. In water and ice the spectral distribution of light is shifted to the blue-green, and energies are better absorbed by the biliproteins than by chlorophyll a. Light absorbed by the biliproteins migrates to chlorophyll and then to the photosynthetic reaction centers where they are transformed into chemical energy. The most commonly encountered cyanobacteria of cryptoendolithic lichens in the high-polar regions of Antarctica produce significant fluorescence response to excitation between 436 nm (Soret band for chlorophyll) and 550 nm, the region of maximum absorption by phycobiliproteins (Erokhina and others, 2002) . LIFE spectral signatures of phytoplankton using 532 nm laser excitation have been obtained from airborne platforms such as NASA's Airborne Oceanographic Lidar since 1979 (Hoge and Swift, 1981) . The LIFE signatures obtained with 532 nm excitation have been attributed primarily to PE, a phycobiliprotein with optimal excitation cross section between 500 and 570 nm (Gantt, 1969) .
Signal analysis of the LIFE images obtained from the ice cover of the perennially frozen Lake Untersee, Dronning Maud Land, East Antarctica, revealed no significant decrease in photosynthetic biomass in the first meter of the clear ice (Storrie-Lombardi and Sattler, 2009) . If lake ice cryoconites are relatively rich in organic material, as in supraglacial environments (Anesio and others, 2009) , and the associated microbial communities include photosynthetic cyanobacteria (Priscu and others, 1998; Psenner and others, 1999; Sattler and others, 2004) , then the primary limiting factor for biomass will be the translucency of the ice and the availability of sunlight to provide both the energy necessary to melt the ice surrounding the assemblage and the energy for photosynthesis. Microbial communities dominated by cyanobacteria (Taton and others, 2003) conduct photosynthesis inside the ice cover during a few weeks in the austral summer (Fritsen and Priscu, 1998; Priscu and others, 2005) . Clusters of sediments and microbial communities can be observed in the lake ice down to the accumulation zone, i.e. the depth where the solar radiation does not provide enough energy for the melting process. Since photosynthesizing ice covers of, for example, permanently frozen lakes, ice caps and supraglacial environments can cover a substantial portion of the cryosphere, it is crucial to assess the photosynthetic potential of these environments.
We have recently reported initial field trials using a 532 nm laser excitation and digital single lens reflex (DSLR) camera to detect LIFE signatures in the perennial ice cover of Lake Untersee (Storrie-Lombardi and Sattler and Storrie-Lombardi, 2010) . The applicability of the method has been confirmed, but the preliminary work did not explicitly demonstrate the correlation between the LIFE signal strength and pigment concentration.
The first aim of this study is to establish the correlation between LIFE signal strength and pure PE concentration. Secondly, to simplify the acquisition of LIFE images of cryoconites under field conditions, we use a lightweight standard compact digital camera using a standard Bayer color filtering algorithm for color estimation in place of the large DSLR camera with a Foveon chip used in our earlier studies. The Foveon chip does not need to employ Bayer color estimation since it utilizes silicon depth selection to discriminate between red, green and blue photon energies. However, the camera is more expensive, heavier and considerably larger than pocket-sized compact digital cameras. Finally, we have employed the modified field system to test the hypothesis that cryoconite biomass as estimated by LIFE PE signatures remains relatively constant for the first few tens of cm in the ice cover of an Antarctic lake (Lake Fryxell).
METHODS AND MATERIALS

Field test sites
Lake Fryxell is a 4.5 km long meromictic, permanently ice- (MCM LTER) program, which is an inter-and multidisciplinary study of the aquatic and terrestrial ecosystems in an ice-free region of Antarctica. Average annual ice-cover thickness is controlled by the rate of freezing of lake water at the bottom of the ice ($30 cm a -1 ) and the ablation loss at the ice/air interface via sublimation ($15-60 cm a -1 ). On average, the balance of these processes produces $30 cm a -1 of net upward movement of the ice (Jaraula and others, 2009 ). The lake ice cover is almost crystal clear (Fig. 2) , although aeolian dust may transiently cover the surface.
Sample collection
Ice cores 7.25 cm in diameter were obtained with a handdriven Kovacs 1 ice corer (MARK III) and were placed into sterile Whirl-Pak 1 bags (Lactan, Austria) for further processing. Digital images analyzed in this study were obtained during laser excitation of mm-scale cryoconite assemblages in one such extracted core at the locations depicted in Figure 2 .
Digital imaging
In the laboratory, the presence of autotrophic organisms was assessed with a Zeiss Axioplan epifluorescence microscope provided by broadband incoherent illumination with excitation filters centered at 370, 438, 480 and 548 nm. Images were acquired with an Optotronics ZVS-47EC chargecoupled device (CCD) camera. For in situ photography, RGB reflectance and fluorescence images were obtained using a 6-megapixel Sony Cyber Shot DSC W50 compact digital camera (F2.8, 1/8s exposure).
Laser excitation
Target excitation was accomplished with a 532 nm Class IIA laser with 5 mW output and powered by two AAA (1.5 V) lithium batteries. The pen light is 16.2 cm long and weighs 85 g. For in situ excitation of miniature cryoconites in the lake surface ice, the laser beam diameter at target was $1.0 AE 0.1 mm.
Calibration with PE standards
For a set of standardized images, artificial regions of interest (ROIs) were produced by freezing various concentrations of PE (B-phycoerythrin, Invitrogen) dissolved in distilled water, resulting in final PE concentrations of 0.66, 2, 4, 20, 40, 200, 400 and 2.000 ng ml-1 in Petri dishes with a diameter of 4 cm. Each concentration was set up in triplicate. Laser excitation and data analysis was performed as described above for field samples.
Data analysis
Signal processing was performed using the Os X version of NIH Image, ImageJ (software documentation and code is available at http://rsbweb.nih.gov/ij courtesy of the National Institutes of Health, USA). Data were initially acquired from the camera in RGB/JPG format. A circular ROI 5 mm in diameter centered on the exciting laser was converted to TIFF file format without compression, and split into blue, green and red channels for deconvolution and extraction of the fluorescence response. Analysis of the red, green and blue channel responses to excitation of a non-fluorescing Speculon 1 control target allowed for the digital removal of bleed-through reflected laser line contamination of the original images. The control response was used to calculate expected differences in the blue and red bands as a function of blue band response for each pixel on the standard when illuminated with 532 nm light. Pixels were chosen from those exhibiting (1) green channel saturation (i.e. grayscale Figure 4a depicts the red band Speculon 1 response, E R , as a function of blue band intensity, E B , for all unsaturated blue channel pixels, i.e. where the gs level is <254 in the blue channel. The expected red band response, E R , for increasing E B can be optimally fitted with a simple linear function, R 2 = 0.9919. Fluorescence activity did not appear for blue channel activation < 180 gs. The difference between red and blue channel response, E R-B , as a function of the blue channel flux appears in Figure 4b . The difference between predicted and measured E R-B is used to generate fluorescence images and estimate the relative photosynthetic biomass in each cryoconite.
RESULTS
PE standards
The raw RGB image of ice-core target 188 appears in Figure 5a . The green glow in this image is the product of a combination of laser backscatter and fluorescence. Red, green and blue channels are extracted for a ROI 5 mm in diameter (Fig. 5b) . LIFE image signatures (Fig. 5c ) are obtained by comparing the red channel response as a function of blue activity in the target with the response in the Speculon control (Fig. 5d) . Only E R-B values more than two standard deviations above the predicted value for a given level of blue channel response are considered significant. Subtracting the predicted red channel grayscale image from the recorded image produces a light curve map of the ROI (Fig. 5e) . Such a plot provides an estimate of the spatial distribution of the photosynthetic community. The response measured for the Speculon 1 control appears in Figure 5f for comparison. Each of the sites noted in Figure 2 was analyzed. Fluorescence response in units of integrated gs mm -2 for each cryoconite is reported in Table 1 and plotted as a function of depth below the ice surface in Figure 6 . Again, only those E R-B values more than two standard deviations above red channel response predicted in the absence of fluorescence are considered significant. The data show that there is no significant decline in fluorescence response to 27 cm depth in the Lake Fryxell ice core.
Light profiles for fluorescence images used in this study are shown in Figure 7 . The Speculon 1 control light profiles are also provided. The 5 Â 5 mm fluorescence image used to generate each set of light curves appears in the upper left corner of each light curve graphic. Analysis of these light curves reveals discrete concentrations of fluorescence activity, with light cone diameters ranging from 0.5 to 2.4 mm. There is significant variation in the summed response, most certainly a result of photon scattering, with targets generating a mean E R-B = 1.92 AE 1.13, n = 28. The signal-to-noise ratios for individual clusters of activity are even more variable, ranging from 1 (signal not distinguishable from that of the Speculon control) to >10. It should be noted that three of the target sites produced multiple regions of excitation from a single laser beam (targets 200, 202 and 204) as a result of air/ice interface reflection and refraction events. For such multiple-response sites, individual images were extracted for each ROI.
DISCUSSION AND CONCLUSIONS
During periods of global glaciation (Kirschvink and others,  2000) , the Earth's cryosphere may have served as a last refuge for photosynthetic life (Vincent and HowardWilliams, 2000; Priscu and Christner, 2004) . Cryoconite microbial communities have adapted to short growing seasons, high UV radiation loads, freeze-thaw cycles, and organic resources dependent on limited photosynthetic primary production (Tranter and others, 2004) . Cryoconite assemblages and their icy ecosystems have been proposed as a model for understanding the challenges microbial life would face on an earlier warmer, wetter Mars (Horneck, 2000) . Multiple efforts are currently underway to devise non-destructive in situ and remote detection technology to explore life in ice both on Earth and on other terrestrial planets (Junge and others, 2004a,b; Tung and others, 2006; Ž ukauskas and others, 2008) . Many of these efforts are modifications of familiar laboratory techniques that are now beginning to prove useful and reliable in the field. The current work is simply a field macroscopic extension of the microscopic epifluorescence techniques commonly employed in microbiology and ecology laboratories for the past six decades. This work, and earlier pilot studies in Dronning Maud Land reported by Storrie-Lombardi and Storrie-Lombardi (2010) have demonstrated that a green laser induces fluorescence in photosynthetically active pigments within liquid water and ice covers of perennially ice-covered Antarctic lakes. Data presented here document a strong linear correlation of fluorescence response measured by r/b ratios in a simple RGB image acquired with an inexpensive, small commercial compact digital camera. Clearly, laser-induced fluorescence emission is a promising non-invasive tool for estimating the photosynthetic pigment concentration inside a range of ice habitats. We believe that this is the most realistic technique for assessing the microbial potential of such ice covers, but the method is still in its infancy. The effects of several confounding phenomena need to be critically evaluated. First, the simple r/b ratio can, like any ratio, hide the answer to a central question: is an observed change due to an increase or decrease in either variable, or is it due to a complex change in both? Second, cryoconites are rich in a wide variety of organic products capable of absorbing in red, green and blue spectral regions. As a result, they can absorb and scatter both the incoming laser photons and/or PE fluorescing photons. Since environmental ice structures harbor not just microbes, but also a mixture of organic and inorganic debris, calibration is necessary using particles of various source, size and concentration. In the calibration performed in the current effort, scattering was produced only by PE and water. Third, the PE illuminated in the calibration test was a single molecular species with no confounding fluorescence signal from carotenoids or chlorophyll moieties. Fourth, even the metabolic state of PE can alter its fluorescence response. During active periods of photosynthesis, incoming photonic energy can be transferred to other macromolecular structures instead of being available for fluorescence release of a lower-energy photon. Finally, a laser beam targeting an organism in a translucent ice matrix instead of in liquid water can be affected by multiple air/ice boundaries as it encounters random air bubbles. The reflection or refraction of all or portions of the incident beam can produce any of four results: illumination of the prime target only; prime target illumination plus reflected illumination of one or more targets lateral to the original laser path; penetration of the prime and multiple deeper targets along the original laser light path; and/or both primary and secondary targets missed completely. These characteristics make a calibration with known PE standards challenging since in situ conditions are very difficult to mimic in artificial ice cores.
The current work has demonstrated that an inexpensive, easily transported compact digital camera and a 532 nm laser pen light make it possible to generate laser-induced fluorescence imaging signatures for cryoconites in clear translucent Antarctic lake ice. It has also been shown that the photosynthetic biomass is persistent within the upper layer of Lake Fryxell ice cover in a core of 27 cm depth. Ice from the McMurdo Dry Valley lakes usually contains sediment inclusions associated with cyanobacteria to $2 m depth, hence a more detailed study regarding the penetration of the laser into deeper layers would be valuable to understand the distribution of photosynthetic pigments in the ice cover. Future experiments are required, however, to assess the impact of sediment inclusions and ice bubbles causing absorption and/or scattering of the laser beam when it comes to a final conversion from fluorescence signal to PE concentrations. depicted as a function of depth below the ice surface. Only those E R-B values more than 2 above red channel response predicted in the absence of fluorescence were considered significant. 
